The performance of aerostatic spindle is highly affected by the fluid-structure interaction effect between solid structure and air film. In working condition, the viscous heat generated by air film also influences the spindle performance greatly. In this article, the structure deformation induced by pressurized air film and viscous heat is investigated based on a multi-physics coupling model. The simulation results indicate that the structure deformation could lower the loadcarrying capacity of air bearing. The reliability of proposed model is verified by experiments.
Introduction
Aerostatic spindle is widely used in the precision equipments, for example, ultra-precision machine tool, precision turntable, due to its unique advantages of high speed, negligible friction, and excellent rotation accuracy. [1] [2] [3] The aerostatic spindle is made up of the structure components and the fluid film. The basic working principle of the aerostatic spindle is that the externally pressurized air forms a thin film in the clearance between shaft and shaft sleeve after throttling action of restrictor, and the air film forces oppose the external load and maintain the separation of the surfaces of shaft and shaft sleeve. [4] [5] [6] The aerostatic spindle is designed hope to with high stability and high precision, while there are too many factors affect the performance of the aerostatic spindle, such as the fluid-structure interaction effect between the structure components and the fluid film, the thermal generated in high rotation speed. All of those factors will reduce the accuracy of the aerostatic spindle.
Numerous researchers carried out the study of aerostatic spindle. Du et al. 7 improved the load capacity and stiffness of an aerostatic spindle by optimizing the structural parameters of pressure-equalizing grooves such as the length, depth, number, and location. Cheng et al. 8 investigated the performance of high-speed spindle aerostatic bearings by considering the volume flow rate change of a journal bearing operated at different rotational velocities. Akhondzadeh and Vahdati 9,10 carried out the studied of the relationship between the number and size of air pockets in air spindles and nanomachining vibrations and optimized the parameters of the pocket in aerostatic bearings. Li and Ding 11 investigated the influence of geometrical parameters on bearing performance and pointed out that the orifice length has significant influence on bearing performance when the orifice diameter is excessively small.
Most of the previous studies were focused on the structural parameters design of optimization of the aerostatic bearing, while the aerostatic spindle is working in coupling fields, known as mechanical-thermalfluidic-electromagnetic fields. Thus, the multi-physics nature should be studied to improve the performance of the aerostatic spindle. Recently, there are also some researchers pay attentions on the multi-physics coupling analysis of an aerostatic spindle. Gao et al. 12 presented a multi-physics integrated modeling using the computational fluid dynamics (CFD)-finite element analysis (FEA) integrated approach for design and analysis of the high-speed aerostatic spindle, including thermal, electromagnetic, mechanical, and fluidic analysis models. But, the structural deformation induced by pressurized air film is ignored in their simulation model. Lu et al. 13 presented a new design method of aerostatic spindle based on the fluid-structure interaction method. In their study, the changes of bearing clearance caused by the structure deformation under high pressure fluid film were considered, and the static performances of the bearing were obtained. The relationship between multiphysics coupling data within the design and analysis of the direct-drive aerostatic slideway was investigated by Li et al., 14 and a multi-physics simulation environment was essential to realize the seamless integrated design and analysis of aerostatic slideway at a nanometric level of accuracy. In this article, a multi-physics model is established, and a calculation based on fluid-structureheat interaction method is carried out to investigate the fluid-structure interaction and thermal effect of aerostatic bearing.
Multi-physics modeling of an aerostatic spindle

Parameters of the aerostatic spindle
The configuration of a self-developed aerostatic bearing is demonstrated in Figure 1 (a). As can be seen from Figure 1 (a), the air bearing is composed of radial bearing and thrust bearing. Upper thrust plate and lower thrust plate are connected to shaft with bolts. With the support of pressurized gas film, the shaft can rotate with almost no friction.
The configuration of thrust bearing is demonstrated in Figure 1(b) . Detail parameters of orifice are presented in Table 1 . Where h is the bearing clearance, D and D 2 are the inner diameter and outer diameter of air Table 1 . Two types of restrictors are wildly used in aerostatic bearing: pocketed orifice-type restrictor and inherently orifice-type restrictor. Generally, pocketed orifice-type restrictor is better than inherently orifice-type restrictor in terms of static stiffness and load-carrying capacity. The restrictor area of pocketed orifice-type restrictor is supposed to be the minimum area of the air channel, which means that the parameters of the orifice should satisfy d 2 p/4 \ (h 1 + h)pd and d 2 p/4 \ pd 1 h at the same time (h 1 is the depth of chamber and d 1 is the chamber diameter). In addition, to ensure that pneumatic hammer is avoid, the ratio of pocket volume to clearance volume should be less than 0.1 for air thrust bearing. It sets up a restriction for the design of chamber depth.
However, inherently orifice-type restrictor is tend to more steady than pocketed orifice-type restrictor, because many researches indicate that there are vortices inside the chamber. Therefore, inherently orifice-type restrictor is adopted in this article.
Modeling of the aerostatic spindle
Generally, two methods can be employed to solve fluid-structure interaction (FSI) problems: direct coupling method and separation method. The direct coupling method calculates the governing equations of fluid field and solid structure simultaneously by coupling these equations into a matrix equation, by which more accurate results can be acquired. However, it is rather time-consuming, which is seldom employed in practices. The separation method is more frequently adopted as it shows many advantages, such as timesaving and decreasing requirement of computer. Therefore, the separation method is employed in this article. Figure 2 demonstrates the simulation process of separation method adopted in this article. The simulation process starts from the CFD analysis. The CFD model consists of the fluid field of air film and the solid structure of shaft, and the viscous heat generated by air film and the conjugate heat transfer between air film and shaft are considered in CFD analysis. So, the pressure and temperature distribution of air film and temperature field of shaft can be obtained in this step. Then, the CFD analysis results are transferred to the FEA model. The pressure air film is applied on the fluid-structure interfaces of thrust plates as force load, and the temperature of air film is applied as temperature load. In this step, the deformation caused by viscous heat of air film and air film force can be acquired. Next, the deformation of shaft is transferred back to the CFD model, and the CFD mesh is updated based on the deformation of shaft correspondingly. Then, the CFD analysis is carried out again with new computation mesh, and the redistributed pressure of air film can be acquired. This is a data exchange cycle of the simulation process. The above process is carried out repeatedly until there is no significant change in the deformation of shaft and the pressure distribution of air film; the simulation process is finished. Figure 3 shows the computation mesh of shaft and air films. The grid number of shaft is 2858, and the grid number of air films is 552560. The structure deformation is calculated by finite element software ANSYS, and the fluid field of air film is solved by CFD software Fluent. To save calculation time, a one-sixth model is employed to increase the calculation speed. The boundary conditions are also demonstrated as shown in The main calculation parameters of boundary conditions are listed in Table 2 . The supply pressure of air film is 0.5 MPa, and the inlet temperature of air is 293.15 K. The atmospheric pressure is applied on the outlet of air film. The ambient temperature is set at 293.15 K. The rotational speed of shaft is 1000 r/min. The viscous heating of air film is calculated by the solver of CFD software Fluent, and the convection heat transfer between air film and shaft is calculated directly based on the solution in the adjacent cells of the fluidstructure interface. The convection heat transfer between the outside surfaces of shaft and the ambient temperature is considered as forced conviction, and it is simulated by constant heat transfer coefficient of 15 W/ m 2 K. The ideal-air model is adopted in this analysis to take the compressibility of air into accountant. Its specific heat is 1006.43 J/kg K, and its thermal conductivity is 0.0242 W/m K. The dynamic viscosity m of ideal-air is calculated with the Sutherland equation as shown in the following 
Results discussion
The calculation results are visualized in Figure 4 . Figure 4 (a) shows the pressure distribution on FSI interface. It indicates that the pressure near the orifice is rather high and the pressure decreases from orifice to outlet gradually.
The temperature distribution of air film is demonstrated in Figure 4 (b). The temperature of different points is almost equal as the rotate speed is low. Only near the exit of orifice, the temperature is much lower than average level. Figure 4 (c) presents the total deformation of structure. Under the pressure of air film and temperature load, the maximum deformation of structure reaches 1.414 mm. It accounts for 11.8% of the thickness of air film, which means that the static character, such as load-carrying capacity and static stuffiness, differs from original design. To clearly depict the load-carrying capacity change caused by structural deformation, the pressure contours of air film before and after structural deformation are compared as shown in Figure 4 (d). It shows that the pressure decreases slightly when structural deformation is considered. The CFD numerical calculation results show that the load-carrying capacity of air film declines from 417 to 362 N. Figure 5 analyzes the deformation of shaft and thrust plates. Seven points are marked with successive letters from A to F in Figure 5(a) , and the deformation data along BC, CD, and DE are presented in Figure 5(b)-(d) , respectively. The shape of these curves reflects the shape of structure after deformation. Figure 5 (c) represents the deformation of shaft. It implies that the shaft is elongated in its axis direction. Furthermore, the elongation amount of shaft first increases and then decreases with the increase of Y coordinate. It means that the elongation amount at the two ends of shaft is larger than the middle of shaft. Figure 5(b) and (d) shows the deformation of thrust plates. It can be seen that both the deformation amount of upper thrust plate and the lower thrust plate increase with the increase of X coordinate. It means that the clearance between thrust plate and shaft sleeve increases due to structure deformation, and the air film thickness is getting thicker along with the increase of X coordinate in the radial direction. Three kinds of FSI simulations which consider effects of different factors on aerostatic bearing are carried out to investigate the reliability of them. Fluidstructure-heat interaction method, which employed in this article, takes heat and pressure into account to calculate the deformation of structure. FSI method only transfers the pressure data to structure model, while the structure-heat interaction method only considers thermal effect.
The calculation results are compared and contrasted in Table 3 . The deformation amount of each marked point acquired by fluid-structure-heat interaction method is larger than that of acquired by other two methods, and it is approximately equal to the sum of the deformation amount calculated by other two methods.
When aerostatic spindle is working, the thermal deformation induced by air film viscous heat and the deformation caused by air film forces exist simultaneously. Therefore, the fluid-structure-heat interaction method can obtain a more accurate result. 
Experiments
To verity the proposed fluid-structure-heat interaction method, the deformation of thrust plate is measured in this section. When measuring the total deformation, the static deformation and thermal deformation are coupled together. So, directly measuring the total deformation is difficult. In this study, they are measured separately. In the working condition of air spindle, no matter the shaft rotates or not, as long as the pressurized air is supplied, the deformation of thrust plate will be induced by air film force. Hence, the static deformation is measured first. Figure 6 shows the test setup for deformation measuring. A high accuracy displacement sensor with resolution of 10 nm is employed. The experiment apparatus is placed on a marble base to isolate external vibration. Along the radial direction of thrust plate, the displacement of several points with equal interval is measured. During the measuring, the displacement sensor moves along the radial direction of thrust plate, and the corresponding deformation data of each points are recorded as listed in Table 4 . From Table 4 , it can be seen that the deformation of thrust plate increases along the radial direction of shaft. It indicates that the thrust plate is warped due to the air film force. The largest deformation takes place at the outer edge of thrust plate.
After the static deformation is acquired, the thermal deformation is measured. To eliminate the influence from room temperature changing, the test setup is placed in a temperature-controlled room. During the test process, the temperature amplitude remains in Figure 6 . Displacement measurement experiment for aerostatic bearing. around 1°C. The test process of thermal deformation is described in the following. First, the room temperature is set at 20°C. In addition, to ensure the initial temperature of air-spindle system is 20°C, and the air spindle is placed in the temperature-controlled room for 24 h before testing. Next, the shaft rotates with rotational speed of 1000 r/min until the overall thermal equilibrium of spindle system is reached. Then, the thermal deformation of thrust is measured, and the thermal deformation data of each point are listed in Table 5 . From Table 5 , it can be seen that the deformation of thrust plate also increases along the radial direction of shaft. And, the largest deformation takes place at the outer edge of thrust plate. The sum of the static deformation and thermal deformation is the total deformation. The test result indicates that the largest deformation of trust plate is 1.4 mm, which agrees well with the calculation.
Conclusion
In this article, the structure deformation induced by pressurized air and viscous heat is studied based on fluid-structure-heat interaction method, and experiments are carried out to validate the simulation result. The main conclusions are drawn as follows:
1. The proposed fluid-structure-heat interaction method can predict the structure deformation accurately, which is verified by experiment. 2. The structure deformation of thrust plate influences the load-carrying capacity of air bearing greatly. Its deformation should be considered at the design stage of aerostatic spindle. 3. The fluid-structure-heat interaction method shows better accuracy comparing with FSI method and structure-heat interaction method.
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